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In this paper, a design of high-precision ground-target tracking control system for 50-kg-class micro Earth observation satellites is proposed. 
Evaluation results of the system tested by a hardware-in-the-loop simulator are shown. 
Multispectral Earth observation which is a spectroscopic analysis of the Earth surface in visible and near infrared region from low Earth orbit (LEO) 
attracts global attention due to raising environmental problems such as global warming, deforestation, water pollution, food shortage etc. To collect 
detailed and accurate environmental information, high ground spatial resolution and high spectral resolution observation technique is required. However, 
conventional optical Earth observation satellites could not satisfy both requirements simultaneously. 
Most of the conventional optical Earth observation satellites such as LANDSAT series have been using push-bloom imaging technique to scan the 
ground surface. Push-bloom imaging technique use a linear imager and collect data along the ground track direction. The advantage of push-bloom 
imaging technique is easy satellite attitude control because direction of sensors is fixed to the Earth (Fig. 1). It is called nadir pointing attitude control. 
Since multispectral observation extract specific bands among visible to near infrared wavelength, light income become less compared to panchromatic 
observation. Ground spatial resolution of conventional multi-spectral observation with push-bloom scanner must be relatively low (approximately 30 m) 
because the integration time is defined by the velocity of the satellite and the size of the pixels on the ground. 
Therefore, we proposed to apply step-stare imaging technique. Step-stare imaging technique uses a 2-dimensional detector to collect date over an 
entire region of interest at one time. By taking dozens of images of ground target by changing observation bands, spectral information of the ground 
surface can be obtained (Fig. 2). The idea of this technique itself has been existed from before, however there is no prior examples of multispectral 
observation application because complex attitude control technology is required for motion compensation during observation. In this paper, we developed 
a high-precision ground-target tracking control system for step-stare imaging technique. RISESAT (Rapid International Science Experiment Satellite) 
which is a 50-kg-class microsatellite developed in Space Robotic Laboratory (SRL) of Tohoku University was used as a platform to demonstrate the 
high-resolution multispectral observation system. RISESAT is equipped with an HPT (High-Precision Telescope) with LCTFs (Liquid Crystal Tunable 
Filters) developed in Hokkaido University as an Earth observation instrument. The LCTF is a small spectroscope which can electrically select an 
observation band from visible to near-infrared. This observation system is capable of 630 observation bands selectivity, and 4 m ground sample distance 
(GSD). These observation abilities are world’s highest performance regardless of satellite size. RISESAT has been selected to "Innovative Satellite 
Technology Demonstration Program" provided by Japan Aerospace Exploration Agency (JAXA) and it will be launched by the 4th Epsilon rocket on 
January 17th 2019.  
In order to track a ground target by maneuvering satellite body, accurate orbit determination, attitude determination, and attitude control is 
indispensable. Especially, 0.1° HPT boresight tracking angle error and 0.008°/s attitude stability are necessary since HPT has 0.2° field of view (FOV). 
From these mission requirements, we assumed error budget of the system as follows: 0.05° attitude determination error, 0.04° attitude control error, 0.01° 
attitude guidance error. 0.01° attitude guidance error is corresponding to 87.2 m orbit determination error.  
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For accurate orbit determination, extended Kalman filtering (EKF) is a common approach for large satellites in recent years. However, an attitude 
control computer unit ACU on RISESAT could not calculate it with real-time processing. ACU has a processor based on Field-Programmable Gate 
Array (FPGA) technology, and an OpenRISC1200 32bit softcore CPU developed by OpenCore.org is integrated. Though this processor is highly-reliable 
and low power consumption, difficult to deal complicated mathematical calculations because it does not have a floating-point unit. Therefore, we 
proposed a new orbit determination method which utilize both GPS positioning and Two-Line Elements (TLE) information. TLE is a public information 
about orbital elements provided by Combined Space Operations Center (CSpOC) in the United States. In this method, we used a characteristic that 
positioning error in along-track direction between GPS position vector and TLE position vector is notably large compare to the other two orthogonal 
axes. Assuming that TLE’s epoch time delay is almost constant, it can be estimated from along-track error and satellite velocity with iterative analysis. 
Using this algorithm, satellite velocity vector determination accuracy can be improved. 
Earth’s orientation matrices between geodetic coordinates ITRS (International Terrestrial Reference System) and inertial coordinates GCRS 
(Geocentric Celestial Reference System) should be modeled properly for accurate orbit determination. RISESAT adopt IAU76/FK5-based Earth’s 
rotation models. Although accuracy of these models is inferior to that of latest CIO-based IAU2000/2006 models, they are less complicated 
mathematically and can reduce computation time. When calculating these transformation matrices, not only UTC coming from GPS but also Universal 
Time 1 (UT1) and Terrestrial Time (TT) are required. The time correction parameter dUT1 determined by IERS will be sent from ground stations every 
day since UT1 is a time standard which is affected by fluctuations of Earth’s rotation. 
Attitude determination with a star tracker (STT) is also a method that usually requires EKF. STT is an optical attitude sensor which utilize stars 
pattern matching, and it is most accurate attitude sensor in RISESAT. Through on-orbit operation of our previous microsatellite DIWATA-1, we have 
confirmed that the our STTs contains random attitude determination noise approximately 0.2°. Since this noise exceeds desired attitude determination 
accuracy, we we developed a new attitude determination method which combines the STT’s attitude information and angular velocity information 
measured by a fiber optical gyroscope (FOG). Combining a complementary filter and an infinite impulse response (IIR) filter, we could propose an 
algorithm reducing computational cost compared to conventional extended Kalman filter approach. 
Moreover, STTs are vulnerable to disturbance light on the camera and the star image blur caused by satellite rotation. Therefore, we also designed 
an attitude maneuvering sequence which can provide optimal satellite attitude for STTs (Fig. 3). At the first stage, coarse determination system guides its 
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attitude to the STT available condition. The desired attitude has to be analyzed beforehand by satellite operators in ground stations. In the second stage, a 
STT is used to determine fine attitude. The complementary-IIR hybrid filter is applied for attitude determination in this stage. In the third stage, target 
tracking is carried out using FOG integration attitude estimation. Initial attitude of integration is obtained at the end of the second stage. Single Earth 
observation sequence takes 15 to 20 minutes. 
Several attitude guidance algorithms for ground target tracking are proposed in prior works. Goeree et al. proposed a ground-station tracking 
algorithm for laser communication for 70-kg-class microsatellite UASat. Their simulation results showed that tracking accuracy is smaller than 0.005°. 
Chen et al. proposed a ground-target tracking algorithm for Earth observation. However, this algorithm has a problem that satellite cannot satisfy desired 
attitude and desired angular velocity simultaneously. Kondo et al. proposed a ground-target tracking algorithm for Earth observation based on above two 
prior works. In the algorithm, they derived desired attitude using Euler axis rotation between an optical equipment and direction toward ground target. 
All these works are not appropriate for step-stare observation by RISESAT due to orientation of ground-target image around HPT’s optical axis. To 
carry out high resolution multispectral Earth observation with the step-stare method, we must consider orientation of images because we need to 
synthesize dozens of images taken by different wavelength. Therefore, we proposed an attitude guidance algorithm which can fix orientation of the 
images against direction of the ground surface. It will make synthesis of images taken by different bands easier. This desired target attitude can be derived 
by calculating a boresight vector from the satellite to a ground target, and using orthogonal projection of north direction vector at the target area to the 
plane which is perpendicular to the boresight vector. Desired angular velocity can be obtained from time derivative of desired attitude. In addition, we 
propose a ground surface scan maneuver to enlarge observation area by continuous shooting of HPT (Fig. 4). We adopted Archimedes' spiral to change 
target position continuously in Earth fixed coordinates system. The parameters which defines shape of the spiral can be derived from conditions not to 
make a gap between FOV circles across and along the spiral’s locus. 
To determine desired control torque, we applied quaternion-based rate/attitude tracking control algorithms with a desired angular acceleration 
feedforward term proposed by Weiss. Although the quaternion feedback regulator proposed by Wie et al. is well known as a quaternion-based controller, 
this feedforward term added in Weiss’s algorithm is indispensable to achieve agile attitude maneuver for the ground-target tracking control. RISESAT is 
equipped with four reaction wheels (RWs) as actuators. RWs are mounted by four-skew alignment to avoid zero-cross operation. 
This ground-target tracking technologies can be applied for optical communication between LEO and a ground station. As a collaborative research 
with National Institute of Information and Communications Technology, Japan (NICT), RISESAT is equipped Very Small Optical Transmitter (VSOTA). 
To miniaturize and simplify the system, we eliminated fine pointing mechanisms of laser sources such as gimbals, and it is fixed to the satellite body. 
 
Fig. 4  Ground Surface Spiral Scan Observation 
 
Fig. 5  Block Diagram of Guide Laser Feedback System using HPT 
 











    
ACU
Attitude Control Unit














Guide Laser (532 nm)
from Ground Station
1st Stage: 
RISESAT and the ground station distance > 1000 km
⇨ Open-loop tracking control with estimated ground 
station position.
⇨ Same as ground target tracking for Earth observation.
2nd Stage:
RISESAT and the ground station distance ≦ 1000 km




Therefore, the satellite has to track an optical ground station with an accuracy of 0.04° to keep a laser communication link. However, conventional attitude 
sensors could not determine its attitude with sufficient accuracy during an agile tracking maneuver. To improve the accuracy, we use a guide laser from 
the optical ground station in Koganei, Tokyo. Detecting the guide laser with HPT, we can directly and accurately measure tracking error angle if distance 
between the satellite and the ground station is less than 1000 km (Fig. 5). Several microsatellites with optical communication equipment have been 
developed such as SOCRATES, Flying Laptop. However, the tracking method we developed is differ from them since the optical communication system 
of SOCRATES have internal fine pointing mechanisms and Flying Laptop applied open-loop tracking only. 
Evaluation of the attitude control algorithm should be carried out in realistic condition when we implement it in the real satellite system. Therefore, 
we conducted series of tests on attitude control system (ACS) by hardware-in-the-loop simulator MEVIμS (Model-based Environment for Verification 
and Integration of µ-Satellite) developed in SRL (Fig. 6). In this evaluation environment, an engineering model hardware of RISESAT bus system 
including a UHF receiver, a S-band transmitter, onboard computers, batteries were integrated. RISESAT can be operated by a dummy ground station 
next to the clean booth. Mathematical models of attitude sensors and actuators are created using on-orbit evaluation results by our previous microsatellites 
or on-ground hardware evaluation results. Using MEVIμS, we can examine satellite onboard computers as if it is in the orbit. 
Simulation of the Earth observation control was started from January 1st 2016 00:00:00 UTC for 20 minutes. We used a TLE of HODOYOSHI-1 
as an initial orbit which has similar characteristics with the planned orbit of RISESAT. A ground-target position was set at 75.0097°S, 10.25444°E which 
is a sub-satellite point at 00:15:00. Through the evaluation, we could we confirm that our new ACS could satisfy both 0.1° HPT’s boresight control error 
and 0.008°/s attitude stability even under the influence of sensor noise, communication error and computation time limits (Fig. 7). LEO to ground optical 
communication attitude control is also evaluated by MEVIμS. Using the guide laser feedback algorithm, we could fulfill 0.04° tracking accuracy for 
94 % of time (Fig. 8). 
The ACS proposed in this paper will contribute to enable high-resolution multispectral Earth observation and high-speed optical communication by 
RISESAT and future microsatellites. As a future study, we should improve reliability of the ACS against any trouble of sensors and actuators not to miss 
valuable observation opportunity. Designing of redundant ACS will be required for automatic fault detection, isolation and recovery (FDIR). Moreover, 
automatic satellite operation system in ground stations will be necessary to handle multiple microsatellite with few operators. 
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